The demand for high-strength components for commercial vehicles has recently increased. Conventional gas nitrocarburizing has been used to increase strength and productivity of the crankshaft. A potential-controlled nitriding process was recently developed to control the crystal structure of the nitride compound layer. It has been found that this treatment improves the bending fatigue strength compared with conventional treatment, and has the potential to cope with the increase in crankshaft strength. However, the effect of torsional fatigue strength has not been studied. Therefore, in this study, the influence of the crystal structure of the nitride compound layer on torsional fatigue strength was investigated. Two kinds of test specimens with different crystal structures of the compound layer were prepared using gas nitriding treatment with controlled nitriding potential for an alloy steel bar (JIS-SCM435). Torsional fatigue tests were carried out using these test specimens. Although the compound layer of these test specimens had different crystal structures, the hardness distribution and residual stress distribution on the diffusion layer were almost the same. The relationship between stress amplitude and number of cycles to failure (S-N curve) showed that the torsional fatigue limits of the specimens were almost the same. This indicates that the crystal structure of the nitride compound layer did not affect the torsional fatigue limits, because the origin of the torsional fatigue failure is inside the specimen.
Introduction
In commercial vehicles, increasing the strength of components is required to reduce the engine size and vehicle weight. Gas nitrocarburizing is a surface hardening technology similar to induction hardening and carburizing hardening, and is used to improve the strength and productivity of the crankshaft. By diffusing nitrogen from the surface of the components, a hard nitride compound layer forms on the outermost surface, and a diffusion layer forms on the inner side of the compound layer. Nitriding treatment is effective for improving the fatigue strength of parts because it can simultaneously increase the hardness and introduce compressive residual stress near the surface layer. Therefore, the influence of hardness and residual stress on the fatigue strength of surface treated metals have been reported in previous studies [1] [2] [3] . The influence of nitriding treatment on fatigue strength steels have been researched by several researchers [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Among them, the effects of diffusion layer depth [4] [5] [6] [7] , the conditions of gas nitrocarburizing [8] , ion nitriding and gas nitriding [9] on fatigue strength were investigated. In addition, the fatigue behaviors of notched nitride steel were reported [10] . It was revealed that fatigue crack initiated sub-surface due to the stress gradient around the notch [10] .
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Recently, potential-controlled nitriding treatment has been developed by controlling the crystal structure of the nitride layer [13] . By controlling the nitrogen potential based on the Lehrer diagram [14] , the crystal structure of the nitride compound layer can be changed from ε phase (Fe 2-3 N) to γ' phase (Fe 4 N). It has been reported that fatigue strength under bending [15] , tension-compression [16] , and contact loading [17] was improved by inducing the γ' phase. However, the effects of the differences in the crystal structures of nitride compound layer on torsional fatigue strength have not been studied. Therefore, it is unknown whether potential-controlled nitriding treatment contributes to the enhancement of torsional fatigue strength. The purpose of this study is to clarify the influence of different crystal structures of the nitride compound layer on the torsional fatigue strength of alloy steels. Two kinds of test specimens with different crystal structure of the compound layer were prepared using gas nitriding treatment with controlled nitriding potential for alloy steel. Torsional fatigue tests were carried out using these test specimens
Materials and Methods
The material used in this study was chromium molybdenum steel (JIS-SCM435). Table 1 shows the chemical composition of the material. Figure 1 shows a flowchart of the preparation of the test specimens. The specimens were quenched and tempered. After heat treatment, the specimens were machined to produce torsional fatigue test specimens. The torsional fatigue test specimen is an hourglass-type test specimen with a minimum diameter of 5 mm, as shown in Figure 2 . peening was investigated [11, 12] . However, these studies did not consider the differences in the crystal structure of the nitride compound layer.
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The material used in this study was chromium molybdenum steel (JIS-SCM435). Table 1 shows the chemical composition of the material. Figure 1 shows a flowchart of the preparation of the test specimens. The specimens were quenched and tempered. After heat treatment, the specimens were machined to produce torsional fatigue test specimens. The torsional fatigue test specimen is an hourglass-type test specimen with a minimum diameter of 5 mm, as shown in Figure 2 . 
Condition of Potential-Controlled Nitriding and Gas Nitrocarburizing
The potential-controlled nitriding and gas nitrocarburizing processes were carried out using an electric furnace (Onex Corporation., kanagawa, Japan), which can control the nitriding potential (Kn) by a hydrogen sensor. Two types of specimens, specimen γ′ and specimen ε, were prepared. In the potential-controlled nitriding process, Kn was set to 0.35, and in the gas nitrocarburizing processes, peening was investigated [11, 12] . However, these studies did not consider the differences in the crystal structure of the nitride compound layer.
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The potential-controlled nitriding and gas nitrocarburizing processes were carried out using an electric furnace (Onex Corporation., kanagawa, Japan), which can control the nitriding potential (Kn) by a hydrogen sensor. Two types of specimens, specimen γ′ and specimen ε, were prepared. In the potential-controlled nitriding process, Kn was set to 0.35, and in the gas nitrocarburizing processes, 
The potential-controlled nitriding and gas nitrocarburizing processes were carried out using an electric furnace (Onex Corporation., kanagawa, Japan), which can control the nitriding potential (Kn) by a hydrogen sensor. Two types of specimens, specimen γ and specimen ε, were prepared. In the potential-controlled nitriding process, Kn was set to 0.35, and in the gas nitrocarburizing Metals 2019, 9, 1352 3 of 10 processes, Kn was set to 0.29 using a hydrogen sensor (SE-H2, STANGE Elektronik GmbH, Gummersbach, Germany).
Compound Layer Removal
In order to investigate the influence of the compound layer on the torsional fatigue strength, the compound layer was removed from some test specimens. These specimens were called γ'-p and ε-p, as shown in Figure 1 . The compound layer was removed by repeated mechanical polishing and shape measurement to avoid significant changes in the shape. The depth of polishing was 15 µm in each specimen. The surface roughness of the test specimens with and without the compound layer was measured using a stylus-type surface-roughness-measuring instrument (SV-600, Mitutoyo Corporation, Tokyo, Japan).
Material Characterization of the Test Specimens
In-depth hardness distributions were measured at the minimum cross-section of the test specimen using a micro Vickers hardness tester (FM-300, Future-tech Corp., Kanagawa, Japan). The measurement was performed with a holding time of 10 s and an indenter load of 0.98 N.
The residual stress of the specimen was measured via the sin 2 ψ method using a micro area X-ray residual stress measurement device (AutoMATE II, Rigaku Corp., Tokyo, Japan). Table 2 lists the measurement conditions. The in-depth residual stress distributions of the samples were measured by repeating electropolishing and measurement.
The structural observation was performed after mirror polishing the sample surface using an optical microscope and etching the sample with nital solution. It is well known that the crystal structures of γ' phase (Fe 4 N) and ε phase (Fe 2-3 N) are face-centered cubic and hexagonal close packed structures, respectively [18] . Thus, the crystal structure of the compound layer was analyzed using electron backscatter diffraction (EBSD; NordlysNano, Oxford Instruments, oxford, UK). 
Fatigue Test Method
Torsional fatigue tests were performed with constant stress amplitude at a stress ratio R = −1 using a torsional fatigue testing machine (PBF-60, Tokyo Koki Co. Ltd., Tokyo, Japan). Fatigue tests were carried out at a frequency of 25 Hz. The fatigue limit was defined as the maximum value of the stress amplitude at which the specimen could endure 10 7 cycles of stress. Figure 3 shows the cross-sectional structure of each test specimen. The test specimens γ' and ε had approximately 9 µm and 12 µm compound layers (white layer) formed on the surface, respectively. Figure 4 shows the phase analysis result of the compound layers of specimens γ and ε obtained using EBSD. In the compound layer of the test specimen γ', the proportion of the γ' phase was 70%, and the rest was ε phase. In contrast, in the compound layer of the test specimen ε, the proportion of the γ' phase was almost 100%. The compound layer of γ'-p and ε-p specimens were removed completely by polishing. The arithmetic mean roughness (R a ) was 0.29 µm for specimen ε, 0.21 µm for specimen ε-p, 0.29 µm for specimen γ', and 0.21 µm for specimen γ'-p. Thus, the difference in surface roughness was small.
Results

Crystal Structure Identification of Compound Layer, Vickers Hardness, and Residual Stress at Surface Layer
compressive residual stress at the compound and diffusion layers of each test specimen. As the compound layer was removed in specimens γ'-p and ε-p, the residual stresses in the compound layer were not indicated. The maximum compressive residual stress at the diffusion layer was high in the specimens γ'-p and ε-p, as shown in Table 3 . This additional compressive residual stress was introduced by mechanical polishing. However, the effect of the polishing on the depth was small. Thus, the effect of the additional compressive residual stress on the torsional fatigue strength was small. As the distance from the surface increased, the difference in residual stress between the specimens tended to decrease. compound layer was removed in specimens γ'-p and ε-p, the residual stresses in the compound layer were not indicated. The maximum compressive residual stress at the diffusion layer was high in the specimens γ'-p and ε-p, as shown in Table 3 . This additional compressive residual stress was introduced by mechanical polishing. However, the effect of the polishing on the depth was small. Thus, the effect of the additional compressive residual stress on the torsional fatigue strength was small. As the distance from the surface increased, the difference in residual stress between the specimens tended to decrease. Figure 5 shows the distributions of Vickers hardness. In test specimen γ', the hardness at the compound layer was 724 HV, the maximum hardness at the diffusion layer was 600 HV, and the depth of the diffusion layer was 0.5 mm. In test specimen ε, the hardness at the compound layer was 790 HV, the maximum hardness at the diffusion layer was 570 HV, and the depth of the diffusion layer from the surface of the specimen was 0.5 mm. In specimens γ'-p and ε-p, the horizontal axis shows the depth from the surface after polishing. The hardness distributions at diffusion layer of test specimens γ'-p and ε-p were almost the same as those of the test specimens before the polishing. Figure 6 shows the measurement results of residual stress distribution. In specimens γ'-p and ε-p, the horizontal axis shows the depth from the surface after polishing. Table 3 lists the maximum compressive residual stress at the compound and diffusion layers of each test specimen. As the compound layer was removed in specimens γ'-p and ε-p, the residual stresses in the compound layer were not indicated. The maximum compressive residual stress at the diffusion layer was high in the specimens γ'-p and ε-p, as shown in Table 3 . This additional compressive residual stress was introduced by mechanical polishing. However, the effect of the polishing on the depth was small. Thus, the effect of the additional compressive residual stress on the torsional fatigue strength was small. As the distance from the surface increased, the difference in residual stress between the specimens tended to decrease. S-N curves are shown in Figure 7 . Comparison of the S-N curves of test specimens γ' and ε show that the fatigue limits were equivalent. However, it was found that the fatigue life of specimens γ' was longer than that of specimens ε. It was confirmed that fatigue life was shortened by polishing the compound layer, but there was no difference in the fatigue limit. These tendencies are consistent with the results of a rotating bending fatigue test using radical nitrided SNCM439 steel [20] . The reason why all the specimens show the same torsional fatigue limit is discussed in the next chapter. 
Fatigue Test Results
S-N curves are shown in Figure 7 . Comparison of the S-N curves of test specimens γ' and ε show that the fatigue limits were equivalent. However, it was found that the fatigue life of specimens γ' was longer than that of specimens ε. It was confirmed that fatigue life was shortened by polishing the compound layer, but there was no difference in the fatigue limit. These tendencies are consistent with the results of a rotating bending fatigue test using radical nitrided SNCM439 steel [20] . The reason why all the specimens show the same torsional fatigue limit is discussed in the next chapter. 9 show surface cracks after the fatigue tests for N f less than approximately 10 4 and more than 10 5 cycles, respectively. As shown in Figure 8 , when N f was approximately 10 4 cycles or less, the initial fatigue crack growth was in shear mode (Mode II), and after the cracks branched in the principal stress direction, they propagated in tensile mode (Mode I). Mode II cracks became longer when the compound layer was removed. As shown in Figure 9 , when N f was approximately 10 5 cycles or more, Mode II crack propagation was not observed, but Mode I fatigue cracks developed in the direction perpendicular to the principal stress from the beginning. Metals 2019, 9, Figures 8 and 9 show surface cracks after the fatigue tests for Nf less than approximately 10 4 and more than 10 5 cycles, respectively. As shown in Figure 8 , when Nf was approximately 10 4 cycles or less, the initial fatigue crack growth was in shear mode (Mode II), and after the cracks branched in the principal stress direction, they propagated in tensile mode (Mode I). Mode II cracks became longer when the compound layer was removed. As shown in Figure 9 , when Nf was approximately 10 5 cycles or more, Mode II crack propagation was not observed, but Mode I fatigue cracks developed in the direction perpendicular to the principal stress from the beginning. Figure 10 shows the observation results of the fracture surface of test specimen γ', which fractured under a lower stress level near the fatigue limit. Fish-eye was observed on the fractured surface at a depth of approximately 0.35 mm from the surface. The crack initiation point of high cycle fatigue was inside the specimen. Thus, Mode II fatigue cracks were not observed in the specimens at Nf of approximately 10 5 cycles or more, as shown in Figure 8 . Figures 8 and 9 show surface cracks after the fatigue tests for Nf less than approximately 10 4 and more than 10 5 cycles, respectively. As shown in Figure 8 , when Nf was approximately 10 4 cycles or less, the initial fatigue crack growth was in shear mode (Mode II), and after the cracks branched in the principal stress direction, they propagated in tensile mode (Mode I). Mode II cracks became longer when the compound layer was removed. As shown in Figure 9 , when Nf was approximately 10 5 cycles or more, Mode II crack propagation was not observed, but Mode I fatigue cracks developed in the direction perpendicular to the principal stress from the beginning. Figure 10 shows the observation results of the fracture surface of test specimen γ', which fractured under a lower stress level near the fatigue limit. Fish-eye was observed on the fractured surface at a depth of approximately 0.35 mm from the surface. The crack initiation point of high cycle fatigue was inside the specimen. Thus, Mode II fatigue cracks were not observed in the specimens at Nf of approximately 10 5 cycles or more, as shown in Figure 8 . shows the relationship between the applied stress and Mode II crack length measured from the fracture surface. As the applied stress increased, the Mode II crack length tended to increase. In addition, a large difference was found in the Mode II crack length with the presence or absence of the compound layer. The propagation of Mode II cracks was suppressed by the compound layer. Therefore, the extension of the fatigue life in the high stress region was attributed to the presence of the compound layer.
Observation of Fatigue Cracks and Fractures
(c) Figure 10 shows the observation results of the fracture surface of test specimen γ', which fractured under a lower stress level near the fatigue limit. Fish-eye was observed on the fractured surface at a depth of approximately 0.35 mm from the surface. The crack initiation point of high cycle fatigue was inside the specimen. Thus, Mode II fatigue cracks were not observed in the specimens at N f of approximately 10 5 cycles or more, as shown in Figure 8 . Figure 11 . shows the relationship between the applied stress and Mode II crack length measured from the fracture surface. As the applied stress increased, the Mode II crack length tended to increase. In addition, a large difference was found in the Mode II crack length with the presence or absence of the compound layer. The propagation of Mode II cracks was suppressed by the compound layer. Therefore, the extension of the fatigue life in the high stress region was attributed to the presence of the compound layer. . Figure 11 . Relationship between Mode II crack length and applied stress.
Discussions
The results revealed that the torsional fatigue limit of nitrided steels did not depend on the type of nitride compound layer nor the presence or absence of the compound layer. This tendency differs from previous results of bending [15] and tension compression [16] fatigue tests. To discuss the differences in these results, we focused on the local torsional fatigue limit at each depth of the test specimens. Figure 11 shows the relationship between the applied stress and Mode II crack length measured from the fracture surface. As the applied stress increased, the Mode II crack length tended to increase. In addition, a large difference was found in the Mode II crack length with the presence or absence of the compound layer. The propagation of Mode II cracks was suppressed by the compound layer. Therefore, the extension of the fatigue life in the high stress region was attributed to the presence of the compound layer. shows the relationship between the applied stress and Mode II crack length measured from the fracture surface. As the applied stress increased, the Mode II crack length tended to increase. In addition, a large difference was found in the Mode II crack length with the presence or absence of the compound layer. The propagation of Mode II cracks was suppressed by the compound layer. Therefore, the extension of the fatigue life in the high stress region was attributed to the presence of the compound layer. . Figure 11 . Relationship between Mode II crack length and applied stress.
The results revealed that the torsional fatigue limit of nitrided steels did not depend on the type of nitride compound layer nor the presence or absence of the compound layer. This tendency differs from previous results of bending [15] and tension compression [16] fatigue tests. To discuss the differences in these results, we focused on the local torsional fatigue limit at each depth of the test specimens. 
The results revealed that the torsional fatigue limit of nitrided steels did not depend on the type of nitride compound layer nor the presence or absence of the compound layer. This tendency differs from previous results of bending [15] and tension compression [16] fatigue tests. To discuss the differences in these results, we focused on the local torsional fatigue limit at each depth of the test specimens.
According to previous research, it was clarified that the torsional fatigue limit increased when compressive mean stress was applied in the axial direction [21] . Since compressive residual stress was induced by nitriding treatment in the test specimens used in this study, it was necessary to consider the influence of the compressive residual stress on the local torsional fatigue limit. Therefore, the local torsional fatigue limit was predicted based on the modified Goodman diagram by assuming that the residual stress is equivalent to the mean stress. The modified Goodman diagram is defined by Equation (1) [22] τ
where τ w is the local torsional fatigue limit under arbitrary mean stress (residual stress) σ m , τ w0 is the torsional fatigue limit without mean stress, and σ B is the tensile strength. Previous study [23] has shown that the torsional fatigue limit can be predicated by the following empirical equation (Equation (2)):
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The effective range of Equation (2) is HV < 400 [11] , but in this study, it was applied to the case of HV up to approximately 800 HV. The relationship between τ w0 and σ B was calculated using the following empirical Equation (3) [24] τ w0 = 0.35σ B
By substituting Equations (2) and (3) to Equation (1), τ w can be calculated by Equation (4) τ w = 1.13HV − 0.35σ m (4) Figure 12 shows the relationship between the distribution of τ w calculated by Equation (4) for various test specimens and the applied stress distribution. The dotted straight line shows the applied stress distribution. The applied stress at the surface corresponded to τ a = 609 MPa, where internal failure was observed (see Figure 10 ). Because of the characteristics of torsional stress, the distribution of applied stress decreased linearly with increasing distance from the surface. As can be seen in Figure 12 , the intersection point of the predicated fatigue limit and the applied torsional stress distribution is not on the surface, but at a depth of approximately 0.2 mm from surface in all the test specimens. This is consistent with the experimental result shown in Figure 10 . It is considered that the type and presence, or absence of the compound layer did not affect the fatigue limit, because the origin of fatigue crack near the fatigue limit was internal.
The effective range of Equation (2) is HV < 400 [11] , but in this study, it was applied to the case of HV up to approximately 800 HV. The relationship between τw0 and σB was calculated using the following empirical Equation (3) [24] =0.35
By substituting Equations (2) and (3) to Equation (1), τw can be calculated by Equation (4) = 1.13HV 0.35 (4) Figure 12 shows the relationship between the distribution of τw calculated by Equation (4) for various test specimens and the applied stress distribution. The dotted straight line shows the applied stress distribution. The applied stress at the surface corresponded to τa = 609 MPa, where internal failure was observed (see Figure 10 ). Because of the characteristics of torsional stress, the distribution of applied stress decreased linearly with increasing distance from the surface. As can be seen in Figure  12 , the intersection point of the predicated fatigue limit and the applied torsional stress distribution is not on the surface, but at a depth of approximately 0.2 mm from surface in all the test specimens. This is consistent with the experimental result shown in Figure 10 . It is considered that the type and presence, or absence of the compound layer did not affect the fatigue limit, because the origin of fatigue crack near the fatigue limit was internal.
On the other hand, in the case of bending and tension-compression fatigue tests, fatigue cracks originated from the surface of the specimens [15, 16] . Thus, the differences in the crystal structure of the compound layer significantly affected the fatigue strength in the case of bending and tensioncompression. However, the differences in the crystal structure of the compound layer had no effect on the torsion fatigue, because the crack initiation during torsion fatigue occurs below the compound layer. On the other hand, in the case of bending and tension-compression fatigue tests, fatigue cracks originated from the surface of the specimens [15, 16] . Thus, the differences in the crystal structure of the compound layer significantly affected the fatigue strength in the case of bending and tension-compression. However, the differences in the crystal structure of the compound layer had no effect on the torsion fatigue, because the crack initiation during torsion fatigue occurs below the compound layer.
Conclusions
In this study, the influence of crystal structure and presence of nitride compound layer on torsional fatigue strength were investigated. The results are summarized as follows:
(1) The crystal structure and presence of the nitride compound layer did not affect the torsional fatigue limit because the origin of the torsional fatigue failure is inside the specimen. (2) It was found that the fatigue life is extended by changing the crystal structure of the compound layer from ε (HCP) to γ' (FCC). (3) The presence or absence of the compound layer affected the torsional fatigue life because the compound layer suppressed Mode II crack propagation.
Metals 2019, 9, 1352 9 of 10 (4) It was found that the failure origin can be estimated from the relationship between the predicted fatigue limit and applied stress distribution. 
